Abstract: A C-plus L-band fiber ring laser with wide wavelength tunability and single-longitudinal-mode oscillation is proposed and demonstrated experimentally. A saturable-absorber-based autotracking filter, consisted of an unpumped erbium-doped fiber (EDF) and an optical reflected mirror (ORM), is employed to provide fine mode restriction and guarantee the single-frequency operation. Output power of > 2.1 dBm, power stability of C. C. Lee, Y. K. Chen, and S. K. Liaw, "Single-longitudinal-mode fiber laser with a passive multiple-ring cavity and its application for video transmission," Opt. Lett. 23, 358-360 (1998 
Introduction
Fiber lasers with stabilities and tunabilities are the key in wavelength-division-multiplexing (WDM) networks and sensor systems. Therefore, single-longitudinal-mode (SLM) operation in erbium-doped fiber (EDF) ring lasers is becoming all the more necessary. Conventionally, a fiber Fabry-Perot (FFP) filter can be used for wavelength tuning in a fiber ring laser. However, a FFP alone is insufficient to stabilize both the lasing wavelength and power of a fiber ring laser. Therefore, several other techniques providing single-frequency operation have been studied, such as using a passive multiple-ring cavity or a compound ring resonator composed of a dual-coupler fiber ring (DCFR) to guarantee SLM laser oscillation [1]- [3] , integrating two cascaded FFP filters of wide different free spectral ranges (FSRs) into the cavity to provide full tunability and SLM operation [4] , [5] , adding an extra ITU-grid periodic filter in the optical loop [6] , and using an unpumped EDF as a narrow bandwidth autotracking filter [7] , [8] . Because of the bandwidth limitation of EDF, EDF ring lasers only can operate at C-(1530-1560 nm) or C-plus L-band [3] , [10] . However, a novel S-band EDFA technique, which operated over the wavelength range from 1480 to 1520 nm, has also been reported [11] .
To provide for a single-frequency fiber ring laser covering both C-and L-bands, we propose and experimentally demonstrate a stable and tunable single-frequency fiber ring laser based on a hybrid two-stage amplifier module and a saturable-absorber-based autotracking filter. The hybrid amplifier module is consists of a semiconductor optical amplifier (SOA) and an erbium-doped fiber amplifier (EDFA). A saturable-absorber-based autotracking filter is composed of an unpumped EDF and an optical reflected mirror (ORM) inside the ring cavity. The behavior and performance of the output power, wavelength stability, tuning range, and side-mode suppression ratio (SMSR) were studied.
Experiment setup
The experimental setup of the proposed C-plus L-band fiber ring laser with single-frequency output is illustrated in Fig. 1 . This apparatus comprises a hybrid two-stage amplifier module, a 1×2 and 90:10 optical coupler (C), a FFP filter, an optical circulator (OC), a polarization controller (PC), an unpumped EDF, and an ORM. For the hybrid amplifier, the first SOA stage was biased at 250 mA, and the second EDFA stage was composed of a high-concentration 18-m-long EDF (High Wave-742), a 1550/980 nm WDM coupler (W), an optical isolator and a 980 nm pump laser, as shown in Fig. 1 . According to the proposed structure, we only employ an SOA and a shorter length of EDF, covering both the C-and L-band. Actually, the optical output of the SOA can be used to pump the second stage (EDFA module) and extend the operation bandwidth from C-to L-band.
The FFP filter is an all-fiber device having a widely tunable range, low insertion loss of < 0.5 dB, polarization-dependent loss (PDL) of ~ 0.1 dB, and a 3 dB bandwidth of 0.4 nm. The FFP filter with a free spectral range (FSR) of 80 nm and a finesse of 200 can provide the wavelength selection, when external voltage from 0 to 12 V is applied to the piezoelectric transducer (PZT) of the FFP filter. Single-longitudinal-mode oscillation can be realized by employing a FFP filter and a saturable-absorber-based autotracking filter [7] . The saturableabsorber-based autotracking filter consists of an unpumped EDF working as a saturable absorber and an ORM. The ORM used in the experimental setup has 99 % reflectivity. The ORM will reflect and interfere spatially propagating lightwaves in the saturated absorber. As a result, a spatial hole burning (SHB) effect is created in the saturated absorber and narrowband filtering is provided [7] , [8] .
In addition, an optical spectrum analyzer (OSA) and a power meter (PM) are used to measure the output spectra and powers for the laser at the output port, as shown in Fig. 1 . Furthermore, single-frequency performance is verified by using the delayed self-homodyne method. The optical circuit for measurement is composed of a photodetector with 3 dB bandwidth of 12 GHz and a Mach-Zehnder interferometer with 25-km-long standard singlemode fiber. The linewidth spectrum of the fiber laser can be measured by a radio frequency spectrum analyzer. 
Results and discussion
Figure 2(a) shows the amplified spontaneous emission (ASE) spectra of the first SOA stage, second EDFA stage, and the hybrid amplifier when the EDFA and SOA were operated at 100 mW pump power and 250 mA bias current, respectively. When a hybrid amplifier is used, the medium gain can enhance and extend the operating range to longer wavelength [12] . The SOA is used to pump the second EDFA stage and extend significant gain into the L-band. The bias current of the SOA can be adjusted to control the cavity gain. From Fig. 2(a) , an 80 nm ASE bandwidth of 1540 to 1620 nm of the hybrid amplifier can be discerned, and -19.3 dBm maximum peak output power occurs at 1566 nm. Figure 2(b) shows the output spectra of this proposed fiber laser in the wavelengths from 1542 to 1618 nm when a 1-m-long unpumped EDF is used.
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1500 1520 1540 1560 1580 1600 1620 1640 Figure 3 shows the output power and SMSR of this proposed fiber laser with a 1-m-long unpumped EDF over the operating range of 1542 to 1618 nm. As indicated in Fig. 3 , the maximal output power of 5.7 dBm is achieved at near 1577 nm, while the output power drops to 3.7 and -0.32 dBm at 1604 and 1616 nm, respectively. The SMSR can be up to 53.2 dB/ 0.05 nm around 1577 nm. For lasing wavelengths from 1550 to 1608 nm, output powers are greater than 2.1 dBm and the SMSR can be maintained larger than 31 dB/ 0.05 nm. To verify the single-frequency performance, the linewidth spectrum of this proposed fiber laser was observed by using the delayed self-homodyne technique. Figure 4 shows the self-homodyne spectra of the fiber laser with conventional structure [10] and the proposed fiber laser operated at 1570.25 nm. A noisy and unstable waveform with 3.3 MHz mode spacing spikes is observed in the spectrum of the conventional EDF ring laser. Contrarily, no spike signals are observed in the RF spectrum of the proposed fiber laser. To further investigate the power and spectral behavior, the short-term stability of the proposed configuration is measured, as shown in Fig. 5 . The lasing wavelength was 1570.25 nm and the observation period was over 900 seconds. Experimental results show that the proposed fiber laser has excellent stability. The proposed ring laser can dramatically reduce the wavelength variation to near zero. The output power fluctuation was less than 0.02 dB. Finally, over four-hours of observation, a stable output of the fiber ring laser was maintained.
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Conclusion
We propose and demonstrate experimentally a novel technique for a fiber ring laser with wavelength tunability and single-longitudinal-mode oscillation, covering both the C-and Lbands. A saturable-absorber-based autotracking filter, consisted of an unpumped EDF and an ORM, is used to provide fine mode restriction and to guarantee single-frequency operation. An output power of > 2.1 dBm, power stability of 
